SUMMARY The EEG response and drug kinetics after intravenous infusion of diazepam at 1.0 mg/ min until nystagmus, dysarthria, and moderate sedation developed, has been investigated in five normal subjects and 17 patients with chronic liver disease. Diazepam induced adequate premedication with a similar clinical response in all subjects with no adverse reactions. Maximal response was during or within five minutes of infusion. The dose of diazepam required in chronic liver disease was 17-9 + 1-4 mg (M ± SEM) compared with 27 ± 5-4 mg in controls (p < 0 01). Dose correlated significantly with serum albumin (p < 0-05). Baseline mean dominant frequency (MDF) and slow wave index (SWI) significantly correlated with albumin (p < 0 01). After diazepam, the MDF decreased and SWI increased. The change was greatest at the time of maximal clinical response.
significantly with serum albumin (p < 0-05). Baseline mean dominant frequency (MDF) and slow wave index (SWI) significantly correlated with albumin (p < 0 01). After diazepam, the MDF decreased and SWI increased. The change was greatest at the time of maximal clinical response. It was greater in liver disease and was greatest in patients with previous hepatic encephalopathy. In spite of reduced dose requirements in liver disease, there was no significant difference in plasma concentration at the end of drug infusion. This might in part be explained by a significant dose dependent increase in volume of distribution (p < 0 01). Differences in EEG response at similar plasma concentrations suggested differences in cerebral sensitivity. The clearance of diazepam decreased in chronic liver disease and correlated with the serum albumin (p < 0 01) and also with the clearances of antipyrine (p < 0 001) indocyanine green (p < 0 001) and d-propranolol (p < 0 001).
Diazepam (Valium) has established a well deserved reputation for being a safe and effective drug when used as premedication for patients undergoing potentially unpleasant practical procedures which require their cooperation. After intravenous administration it causes an almost immediate anxiolytic effect, followed at higher doses by ptosis, nystagmus, dysarthria, and sedation. When the rate of injection is slow the maximum effect is noted within a short period of the end of drug infusion. The limited duration of effect is ideal for short procedures, and has an added advantage of a subsequent short period of mild sedation and amnesia.
Patients with chronic liver disease, particularly those with a tendency to develop portasystemic or hepatic encephalopathy (PSE), are known to be unduly sensitive to many psychotropic drugs (Read et al., 1969; Morgan and Read, 1972) .
Lyon et al., 1971 ). The present study was prompted by observations on one patient with chronic liver disease, who after a small intravenous dose of diazepam developed marked sedation lasting for an extended period. This suggested that either the patient was unduly sensitive to diazepam, or else that the disposition of the diazepam had been altered so that more drug was available for a longer time for its pharmacological action. The problem was investigated by comparing responses of normal subjects and patients with chronic liver disease to intravenous administration of diazepam. Clinical diagnoses of the 17 patients were alcoholic cirrhosis (seven), chronic active hepatitis (six), cryptogenic cirrhosis (three), and scleroderma (one). Seven of the patients had previous episodes of PSE, and one patient had evidence of mild encephalopathy at the time of the study. Seven patients had ascites. Five patients had both ascites and a history of PSE.
DIAZEPAM ADMINISTRATION
In all subjects diazepam (Valium, Roche) was administered intravenously at a constant rate of 1 mg/min. This slow rate of infusion was adopted in this experimental protocol to allow continuous assessment of the subject to be made during the infusion. The subject was maintained in conversation throughout drug infusion, apart from the time during which the EEG was recorded. The infusion was stopped when the subject developed ptosis, nystagmus, dysarthria, and a degree of sedation from which arousal was becoming difficult to achieve. This clinically judged endpoint was one considered to be optimal for premedication before a practical procedure. In each case the endpoint was decided by a consensus of the same two observers throughout the study.
EEG METHOD
Five 15 second periods of EEG activity were recorded from bipolar electrodes situated over the temporal and occipital areas of the non-dominant hemisphere. The subjects lay with eyes closed and jaw relaxed. Considerable care was taken to prevent any of the subjects from falling asleep. Records were stored on magnetic tape, and subsequently analysed by the technique originally described by Read (1963), and Read et al. (1969) . This method allows calculation of the mean dominant frequency (MDF) and slow wave index (SWI).
Two records were taken before drug administration, at five minute intervals during drug infusion, then at five, 15, 30, 60, 90, and 120 The concentration of diazepam was obtained by measuring the peak area (peak height x width at half peak height) of diazepam and medezepam. The peak area ratio was then compared with previously constructed calibration curves over a concentration of 1-50 ng/ml.
ANTIPYRINE KINETICS
All subjects received 1200 mg oral antipyrine after an overnight fast. Multiple peripheral venous blood samples were taken over the subsequent three to 100 hours. Antipyrine was assayed by the method of Brodie et al. (1949) .
INDOCYANINE GREEN KINETICS
All subjects received 05 mg/kg body weight of indocyanine green as a rapid intravenous bolus. Peripheral blood samples were obtained through an indwelling needle at three minute intervals for 21 minutes in normal subjects and up to 90 minutes in patients with severe chronic liver disease. Plasma concentrations were estimated by the method of Caesar et al. (1961 
Results

CLINICAL DETAILS
Diazepam induced relaxation, sedation, ptosis, nystagmus, and dysarthria in all subjects tested. At the clinical endpoint of the infusion there were no distinguishing features between normal subjects and patients. The dose of diazepam required to induce this common endpoint was 27 ± 5-4 mg in normal subjects and 17-9 ± 1N4 mg in patients with chronic liver disease (p < 0 01). Adequate medication for practical procedures was maintained for at least 45 minutes in all subjects. Peak clinical effect occurred either at the end or within five minutes of stopping the infusion. After drug administration all subjects showed a degree of mild sedation extending for up to 48 hours. In no case was this prolonged effect associated with any other adverse reaction, and in no instance did the clinical progress of a patient give rise to concern.
The EEG record of one patient was relatively featureless and therefore unsuitable for analysis of the MDF, though the SWI could be analysed. The serum albumin correlated with the dose of diazepam required to induce a similar clinical endpoint in response ( Fig. 1 ) and with the EEG parameters of MDF and SWI before drug administration (Fig. 2 ). In addition, the dose of diazepam correlated with base line SWI (Table 1) . Maximal change of the EEG parameters occurred at the time of peak clinical response either during the infusion or within five minutes of its end. At the time of maximal change both MDF and SWI correlated significantly with both the serum albumin and the dose of diazepam administered (Table 1 ). In spite of significant correlations between baseline EEG parameters and the serum albumin, the baseline EEG parameters in normal subjects were not significantly different from baseline EEG parameters in patients with or without a preceding history of PSE (Fig. 3) greater increase in SWI (p < 0001). In patients with chronic liver disease and past history of PSE (group C) the changes were similar but were significantly greater.
After drug administration, the return of MDF and SWI to normal was longest in patients in group C (Table 2) .
Certain consistent visually apparent but not quantified changes in the EEG were observed after diazepam administration. The alpha background activity was reduced and generalised low to moderate amplitude fast or beta activity (greater than 13 Hz) was seen throughout the recording.
DIAZEPAM KINETICS
At the end of drug infusion, there was a wide variability in plasma concentration of diazepam which did not correlate with dose and did not significantly differ when normal subjects were compared with patients with liver disease with or without fluid retention (Table 3 ). The early high plasma concentrations of diazepam had an initial rapid decline. Between one to 10 hours after the infusion there were fluctuating plasma concentrations with most subjects having a trough between two and six hours. After this, the late phase of the plasma decay curve was exponential (Fig. 4) . In patients with chronic liver disease without clinical evidence of fluid retention, the half-life of diazepam was similar to normal subjects. However, this was significantly increased in patients with ascites and oedema ( Fig. 3 The mean dominantfrequency and slow wave index before and at the time of maximal EEG change after an infusion of diazepam at I mg/min until a constant defined clinical response was achieved, in five normal subjects and 17 patients with chronic liver disease, seven of whom had hadprevious episodes ofportasystemic encephalopathy.
(The EEG of one patient with chronic liver disease was unsuitable for analysis of MDF). 42-7 ± 9-4t
Mean ± SEM t P < 0O05, t P < 0-01 compared with normal subjects. (Table 3) . Diazepam clearance had significant correlations with serum albumin (r = + 0 54, P < 0 001) ( (7) Age ( indicating that liver disease increased the sensitivity to the effects of diazepam when administered on a per kilogram body weight basis. Using the serum albumin as a measure of liver function, the relationship between serum albumin and the dose of diazepam administered (Fig. 1) (Bickford and Butt, 1955; Laidlaw and Read, 1963) with changes which often precede objective clinical signs. The MDF, which is derived from frequencies between 2-14 H. with greater than average abundance, and SWI, which measures relative and absolute activity at 2 to 3 H. both correlated with the serum albumin before drug administration (Fig. 2) . Thus, subjects with impaired hepatic function had demonstrable changes in their baseline EEGs. During the diazepam administration there was a reduction in MDF and an increase in SWI in parallel with the clinical response. The changes in normal subjects were minimal, while patients with impaired hepatic function, particularlv those with a history of hepatic encephalopathy, had the greatest change in both MDF and SWI (Fig. 3,  Table 2 ). It is unlikely that the changes induced in the EEG were specific for diazepam, as similar changes have been reported in patients with chronic liver disease receiving diuretics without adequate potassium supplements (Read et al., 1954) , after administration of phenothiazines (Read et al., 1969) and after administration of monamine oxidase inhibitors (Morgan and Read 1972) . Previous observations of EEG changes induced by diazepam in patients with liver disease have demonstrated a mild increase in fast wave activity. However, in this study, the EEG was measured only one hour after a small fixed dose, rather than at the time of maximal response after a dose adequate to induce sedation (Murray-Lyon et al., 1971) .
A reduction in the MDF and an increase in the SWI are thought to indicate disturbance of subcortical structure function, but their physiological influence is uncertain . Previous studies have noted that maximal changes in these parameters occur at the time of maximal sedation or coma (Laidlaw and Read, 1961) suggesting a causative role between EEG changes and sedation. It is of interest that diazepam induced a similar degree of sedation in normal subjects and patients with liver disease, yet there were marked differences in their EEGs. Therefore the relationship between slow wave EEG activity and sedation is more likely to be indirect.
After intravenous administration of diazepam to rats and guinea-pigs, cerebral concentrations are considerably higher than plasma concentrations and vary with subsequent time; however, the ratio of cerebral to blood concentration that induces anticonvulsant activity in these two species remains constant (Garattini et al., 1973) . Thus, the plasma concentrations measured in this study would be expected to be in equilibrium with drug at the receptor site in the brain. In spite of differences in dose, the plasma concentrations at the end of the diazepam infusion were similar between normal subjects and patients with chronic liver disease (Table 3) . These concentrations were associated with similar clinical responses but clear-cut differences in slow wave EEG activity in patients with chronic liver disease, particularly those with a previous history of PSE. This strongly suggests that the EEG changes were due to an increase in cerebral sensitivity to diazepam. The reason for this altered sensitivity remains unknown. It is possible that diazepam has a synergistic effect on another toxic agent such as ammonia, or that the response to diazepam might be influenced by the presence of a 'false neurotransmitter' (Fischer and Baldessarini, 1971) . A further possibility is that previous hepatic encephalopathy induced persistent changes in cerebral function, altering its response to diazepam (Laidlaw and Read, 1963) .
During a constant infusion of diazepam, there is rapid delivery of large quantities of drug into the vascular space, while simultaneously drug is being rapidly distributed to the tissues. The initial decline of the plasma concentration time curve indicates the rapid rate of these early distributional changes. The demonstration that regional cerebral diazepam concentrations correlate with regional variations in blood flow in the cat (Morselli et al., 1973) (Klotz et al., 1975) . Furthermore, it explains why the volume of distribution tended to decrease in liver disease in this study (Table 3) in contrast with the increases in volume of distribution observed by Klotz et al. (1975) , when a constant dose protocol was used.
After the initial distribution phase, plasma concentrations tended to have variable trough and peak levels between two to 10 hours before entering a terminal exponential decline (Fig. 4) Klotz et al. (1975) . The assays used in all these studies were specific for the parent drug and concentrations were well within assay sensitivity. One explanation for this variation would be an enterohepatic recycling of drug; however, insignificant amounts of diazepam or desmethyl diazepam were recovered from bile in man (Klotz et al., 1975 ). An alternative hypothesis would be that plasma concentration could alter because drug was redistributed by changes in regional blood perfusion induced by exercise. Subjects in this study were allowed normal ward activities two hours after drug administration.
In man, diazepam is extensively but slowly metabolised in the liver, initially to Ni-desmethyldiazepam and to a lesser extent to Ni-methyloxazepam. These metabolites are further metabolised to oxazepam, which is finally conjugated and excreted in the urine (Schwartz et al., 1965; Marcucci et al., 1970) . The efficiency of the overall drug eliminating mechanism is most easily quantitated by total drug clearance. It has previously been demonstrated that drug clearance is depressed in patients with chronic alcholic liver disease (Klotz et al., 1975) ; however, in this study of only nine patients, clearance did not correlate with any of the indices of hepatic function. In the present study, with a larger number of patients, there was a similar decrease in clearance; in addition, there was a significant correlation between diazepam clearance and the serum albumin (Fig. 6 ). The serum albumin provides an index of the ability of the liver to synthesise plasma proteins which also correlates with the elimination of other drugs (Levi et al., 1968 , Mawer et al., 1972 , Branch et al., 1973 , Andreason et al., 1974 . Interestingly, the patients in this study also participated in a further study in which antipyrine, d-propranolol and indocyanine green were administered in single bolus doses on separate occasions (Branch et al., 1976a, b) . In spite of variability in the data, there were significant correlations between the clearance of diazepam and antipyrine-a drug with a similar low clearance but a different route of metabolism-and the two high clearance drugs with different mechanisms of elimination, propranolol by hydroxylation and indocyanine green by active transport to bile, without undergoing metabolism (Fig. 6) . The implications of a parallel reduction in clearance of high and low clearance drugs have been more fully discussed elsewhere (Branch et al., 1976b; Branch and Shand, 1976) . These interdrug clearance correlations do suggest that in chronic liver disease impairment of hepatic function can be expected to reduce the clearance of most drugs which are eliminated by the liver irrespective of the mechanism of drug elimination, and furthermore that the degree of impairment appears to be quantitatively similar. These observations would be in agreement with the hypothesis that chronic liver disease is associated with a reduction in mass of normally functioning hepatic tissue.
In conclusion, the serum albumin has provided a useful index of liver function for anticipating the 
